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Abstract 
 
The palaeofloods of the Llobregat River are the first to be reconstructed for any Spanish 
Mediterranean river basin. In total, 56 individual slackwater flood units were identified 
in eight valley side alcoves located along two study reaches, Pont de Vilomara and 
Monistrol de Montserrat. The majority of the deposits are fine sands or very fine sandy 
silts, with a variety of sedimentary structures identified, namely parallel laminations, 
climbing ripples (both in-phase and in-drift) and current ripples. The estimation of the 
palaeoflood discharges associated with these deposits, using the HEC-RAS one-
dimensional hydraulic model, has provided long-term data regarding flood magnitude 
within the catchment. Palaeofloods at Pont de Vilomara, radiocarbon dated to 2640 ± 55 
BP and 2580 ± 75 BP, have minimum estimated discharges of 3700-4300 m3s-1. The 
largest palaeoflood at Monistrol de Montserrat, dated to 305 ± 50 BP, has an estimated 
minimum discharge of 4700 m3s-1. The results indicate that the instrumental discharge 
series is of insufficient length to have witnessed the largest magnitude flood events 
within the Llobregat catchment and that the use of palaeoflood hydrology is a valuable 
means of improving the flood record of Mediterranean catchments. 
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Introduction 
 
Conventional flood risk assessment is based on the statistical analysis of flood data 
represented by associated probabilities of occurrence, non-occurrence and/or 
exceedence. This approach, however, is typically based on river gauging stations that 
are of a very short duration for most of the world’s basins. In addition, as Baker et al. 
(2002) point out, the actual measurement of large magnitude flood discharge at gauging 
stations is often flawed due to the complex hydraulics involved and/or flood damage to 
the recording devices, as was the case with the 1971 and 2000 flood events of the 
Llobregat River (this paper). The statistical estimation, therefore, of rare, large 
magnitude flood events is based on the extrapolation of potentially unrepresentative 
data-sets, extrapolations that are not subject to testing against the real world (Baker, 
2003a). The application of palaeoflood hydrology, the reconstruction of the magnitude 
and frequency of large floods using geological evidence (Baker et al, 2002), provides 
information about large magnitude flooding over longer time scales than is possible for 
instrumental discharge series (see Baker et al., 2002; Baker, 2003a, 2003b for critical 
discussions of the methodology). As a result, flood risk assessment can be measurably 
improved. Furthermore, physical evidence of extreme floods that occurred in the past, 
as opposed to statistical probabilities such as the hundred-year flood, can improve flood 
risk perception for both planners and the general public alike (Baker, 2003a, 2003b; 
Benito et al., 2003a; Thorndycraft et al., 2003a).   
 
The use of palaeoflood hydrology for reconstructing long-term flood magnitudes and 
frequencies has been applied in many regions of the world, for example in the USA 
(Kochel et al., 1982; Ely and Baker, 1985; O’Connor et al., 1994), Australia (Baker and 
Pickup, 1987; Pickup et al., 1988), Israel (Greenbaum et al., 2000), India (Ely et al., 
1996; Kale et al., 2000), China (Yang et al., 2000) and Japan (Jones et al., 2001). 
However, despite Europe’s increasing susceptibility to flooding, palaeoflood studies in 
the region have been limited (Benito, 2003; Benito et al., 1998, 2003b; Ortega and 
Garzón, 2003; Woodward et al., 2001). This imbalance has been addressed by the 
European Commission funded SPHERE project (Systematic, Palaeoflood and Historical 
data for the improvEment of flood Risk Assessment) that has promoted palaeoflood 
research in a number of Mediterranean river basins in Spain and France (Benito et al., in 
press; Thorndycraft et al., 2003b; Sheffer et al. 2003a, 2003b). This paper presents the 
stratigraphy and sedimentology of slackwater flood deposits (cf. Kochel and Baker, 
1988; Benito et al., 2003c) discovered along two reaches of the Llobregat River. The 
estimated discharges of the largest palaeofloods will be discussed in relation to those 
from the Llobregat gauging station data. 
 
Study area 
 
The Llobregat River is located in Catalonia in north east Spain (Fig. 1) and has a 
drainage area of 4984 km2. The study reaches are at Pont de Vilomara and Monistrol de 
Montserrat, where the catchment areas are 1845 km2 and 3370 km2 respectively (Figs. 1 
and 2). The Llobregat River has a typically Mediterranean regime with extreme 
seasonal variations and flood peaks around 100 times greater than the mean annual 
discharge of 21 m3s-1. Large flood events are triggered by rainfall exceeding 200 mm 
within a 24 hour period (Llasat, 1991). The majority of the largest floods over the last 
century occurred in autumn and are associated with a synoptic pattern of anti-cyclonic 
conditions over Europe and warm, moist, air coming from the south-east that causes 
intense orographic rainfall over the coastal and pre-Pyrenean mountains (Llasat, 1991). 
 
At both study reaches the river is confined by bedrock walls, as the river cuts north-
south through the Eocene Conglomerates of the Prelittoral Cordillera and the Montserrat 
Massif. Slackwater flood sediments have been deposited and preserved in valley side 
rock alcoves developed within the predominantly horizontal rock strata. 
 
Methodology 
 
In bedrock gorges, during high flood stages, eddies, back-flooding and water stagnation 
occur at marginal areas of the gorge, producing low velocities and/or flow stagnation 
(slack water) that favours deposition from suspension of clay, silt and sand. These fine-
grained deposits, known as slackwater flood deposits, are stage indicators of these 
floods that can be preserved in stratigraphic sequences. They can provide detailed and 
complete records of large floods that extend back several thousands of years (Kochel 
and Baker, 1988). The elevations derived from these palaeo-stage indicators can then be 
used to determine palaeodischarges through hydraulic modelling techniques (O’Connor 
and Webb, 1988).  
 
Slackwater flood deposits were found in eight rock alcoves (small caves or rock shelters 
formed in exposed bedrock on the valley sides), two at Pont de Vilomara and six at 
Monistrol de Montserrat (Fig. 2). Stratigraphic and sedimentological analyses of the 
deposits were carried out both in the field and the laboratory, with sediment peels of the 
stratigraphic profiles, measuring approximately 80 cm x 50 cm in size, made in the field 
(Thorndycraft et al, in press). Individual flood units were determined through a close 
inspection of depositional breaks and/or indicators of surface exposure. The former 
include clay layers at the top of a unit and erosional contacts. Surface exposure may be 
indicated by the presence of: bioturbation; angular clast layers, where local alcove or 
slope materials were deposited between flood events; or fine-grained, reddish, alcove 
sediments. These latter deposits probably originate from slope wash on the valley sides 
above the rock alcoves, the clays and silts being transported by water entering the 
alcoves through rock fissures. The individual flood units identified are referred to in the 
text by the alcove code followed by the flood unit number indicated in the stratigraphic 
columns (Fig. 3). 
 
Cross-sections and flood deposit elevations (see Figs. 2 and 3) were surveyed along 
both study reaches using a kinematic differential Global Positioning System (GPS), 
with additional data using a total station where satellite visibility was poor. The river 
channel bottom was surveyed using an echo-sound device mounted to a small boat and 
connected to the rover GPS, the data collected using a navigation software. 
 
Flood chronology was determined by radiocarbon and caesium (137Cs) dating (see Table 
1 for a summary). Radiocarbon dating was carried out on charcoal sampled from 
individual flood units. Necessary preparation and pre-treatment of the sample material 
for radiocarbon dating was carried out by the 14C laboratory of the Department of 
Geography at the University of Zurich (GIUZ). The dating itself was done by AMS 
(accelerator mass spectrometry) with the tandem accelerator of the Institute of Particle 
Physics at the Swiss Federal Institute of Technology, Zurich (ETH). Calibration of the 
radiocarbon dates was carried out using the CalibeETH 1.5b (1991) programme of the 
Institute for Intermediate Energy Physics ETH Zürich, Switzerland, using the 
calibration curves of Kromer and Becker (1993), Linnick et al. (1986) and Stuiver and 
Pearson (1993). 137Cs analysis was first used successfully in dating modern slackwater 
flood sediments of the San Francisco and Paria rivers in the USA (Ely et al, 1992). 
Sample 137Cs activity was determined at the University of Exeter, using a p-type coaxial 
HPGe detector. Count times were typically 30,000-50,000 seconds, providing a 
precision of ±10% at the 95% confidence level. A detailed discussion of the 137Cs 
results can be referred to in Thorndycraft et al. (submitted).  
 
Discharge estimation by hydraulic calculation was achieved using the step-backwater 
method (O’Connor and Webb, 1988), currently the most commonly utilised method in 
palaeoflood hydrology (Webb and Jarrett, 2002). The discharge associated with the 
slackwater flood deposits was carried out by computing the water surface profiles for 
various hypothetical discharges that were routed through the river reaches. 
Computations were run using the HEC-RAS one-dimensional model (Hydrologic 
Engineering Center, 1995) run within a GIS environment. By comparing the model-
generated profiles to the slackwater flood deposit elevations palaeodischarges are 
specified. A sensitivity test performed on the model showed that for a 25% variation in 
Manning’s n roughness values, an error of 5-10% was introduced into the discharge 
results. A more detailed discussion of the discharge estimation for the Llobregat River 
palaeofloods is provided in Thorndycraft et al. (in press). 
 
Results 
 
Palaeoflood stratigraphy and chronology 
 
In total, 56 individual flood units have been identified at the two study reaches (Fig. 3). 
In general, the number of flood units preserved at the different sites reflects 
relationships between flood magnitude and frequency, with greater numbers of modern 
flood events located in the lower elevation alcoves such as alcove E. The two high 
elevation sites, A and C (Figs. 2 and 3), are the oldest deposits preserved. Two 
radiocarbon dates from alcove A (Table 1 and Fig. 3) indicate that the middle flood 
units of this sequence were deposited around 2600 BP (853-776 cal. B.C. and 794-554 
cal. B.C.). The flood unit at alcove C has been radiocarbon dated to cal. A.D. 1516-
1642.  
 
The next oldest dated sediments are from alcove F, with the basal flood unit (F1) dated 
to 185 ± 55 BP (cal. A.D. 1686-1913, Table 1). This date is beyond the reliable 
applicable age range for radiocarbon dating (Trumbore, 2000) however, it is likely the 
sequence dates to the nineteenth century. The best dating control for the remaining 
slackwater sequences is provided by 137Cs analysis, as the most recent sediments could 
only be assigned as modern, based on the radiocarbon results alone (Table 1). The 
benefit of the caesium method is that is permits the modern sedimentary record to be 
divided between those flood units deposited before or after the mid-1950s (Ely et al., 
1992). Due to local hydrological conditions at the different alcoves (Thorndycraft et al., 
submitted) the technique was not applicable for dating slackwater flood sediments at all 
sites (Table 1). However, at the majority of the alcoves the measured 137Cs was 
associated with sediment mobilised from the upstream catchment by erosion and 
transported to the alcoves during floods, permitting the dating of post mid-1950s flood 
deposits. Alcove E has most modern flood units, with 10 units post-dating the mid-
1950s, this reflecting its close proximity to the river channel. The 137Cs data from 
alcoves D, G and H indicate that only the largest two, two and three post mid-50s floods 
reached these alcoves respectively. 
 
The characteristics of Llobregat River slackwater flood deposits 
 
The slackwater flood deposits of the Llobregat River are predominantly composed of 
very fine to fine-grained sand with parallel laminations alternating with climbing ripples 
in drift and climbing ripples in phase (Table 2, Fig. 3). The particle size data from all 
the alcoves are presented in the ternary plot of percentage clay, silt and sand (Fig. 4). 
The finer-grained sediments, with higher percentage silt contents, are those from 
alcoves A and C. The coarsest sediments are those of alcoves B, D, E, G and H. They 
are characterised by mean medium sand contents in excess of 10% and greater than 40% 
fine sand (Table 2). There are no significant differences in the mineralogy of the 
sediments from the different sites of deposition. The grain mineralogy is dominated by 
carbonates and quartz with micas and feldspars also present. The heavy mineral 
assemblage is dominated by tourmaline, zircon and rutile. The remaining mineral suite, 
including staurolite and garnet, is indicative of a source in the metamorphic rocks of the 
Pre-Pyrenean headwaters of the Llobregat River. 
 
The main characteristic sedimentary structures within the flood deposits are parallel 
laminations alternating with climbing ripples in drift and climbing ripples in phase, 
indicating an upstream flow direction (see Fig. 3). This deposition is interpreted herein 
as having been generated in a zone with a high sediment concentration. Sand excess 
produced aggradation by the migration of climbing ripples that indicate variations in 
flow velocity and high rates of vertical sediment build-up from suspension. As the 
deposits have been generated in a zone of flow recirculation, drift climbing ripples 
migrate upstream as a consequence of the return currents generated inside the alcove 
(Benito et al., 2003c). Climbing ripples that change vertically from climbing-in-drift to 
climbing-in-phase are normal when there are local fluctuations in velocity and a high 
sediment concentration. The parallel laminations present correspond to aggradation on a 
planar surface produced by sediment fallout with no traction. Similar sequences were 
described and interpreted in slackwater flood deposits of the Tagus River in Central 
Spain by Benito et al. (2003c). 
 
Palaeodischarge estimates 
 
The longitudinal profile of the Monistrol study reach (Fig. 5) presents the location of 
each alcove and the water surface elevations associated with a range of discharges. The 
largest estimated minimum discharge is 6200 m3s-1, matching the slackwater deposits of 
the C1 unit (Fig. 3). Also shown on Fig. 5 is a lower discharge of 4700 m3s-1 associated 
with the energy line that we consider a more accurate estimation of the minimum 
discharge (Thorndycraft et al., in press). At this site, modelled channel flow velocity 
was over 6 ms-1, with sub-critical flow conditions (Froude Number = 0.5). This 
indicates a sharp velocity transition from the channel to the canyon side where 
sedimentation was associated with stagnant water conditions, as evident from the 
parallel laminations of the C1 flood deposit. The discharge of 4700 m3s-1 was obtained 
assuming that the sedimentation at the alcove (where the velocity head equals zero) was 
close to the maximum flow stage and related to the total energy head for the cross-
section. Therefore, the discharge associated with the C1 unit is estimated as 4700-6200 
m3s-1, with a preferred value closer to 4700 m3s-1. 
 
The ranges of estimated discharges associated with the remaining slackwater flood 
deposits at each alcove are indicated in Table 3. They are based on the discharge 
estimates required for floodwaters to reach either the base of the alcove or the top of the 
palaeoflood sequence. In addition to the high estimated discharge associated with unit 
C1, those of alcove A were also deposited by very high magnitude floods of 3700-4300 
m3s-1, as illustrated by the rating curve from cross-section 8 of the Pont de Vilomara 
study reach (Fig. 6). Like the discharge associated with C1, this range in the magnitude 
of minimum discharges is based on the energy line. Also illustrated in Fig. 6 are the 
minimum discharge estimates for the modern slackwater flood deposits (B2) of the 
1971 flood, with a range of 2300 to 2600 m3s-1, calculated using the energy line and the 
water surface elevation, respectively. 
 
There are a number of alcoves (B, D, F and G) along the study reaches that require 
discharges in excess of 2000 m3s-1 to top the flood sediments. Only two alcoves (E and 
H) were covered by the 2000 flood event, with a measured peak discharge of 1200 m3s-
1
. The elevation of floodwater during this event at alcove H (Fig. 5) was marked by silt 
lines on the gorge wall and fissures in the rock filled with flood debris. 
 
Discussion 
 
The Llobregat River palaeoflood sequence preserves evidence of large magnitude floods 
that have occurred during the last few thousand years. Radiocarbon dating of 
palaeoflood sediments associated with discharges of 4000 m3s-1 or greater indicates that 
at least two of these extreme events occurred around the period of the 2650 BP climatic 
event (van Geel et al., 1998) and one during the Little Ice Age (ca. A.D. 1600 to 1850). 
Both these periods are recognised as cold-humid phases of climatic variability. The 
earlier phase is thought to be the result of increased solar activity around 800 cal. BC 
(van Geel et al., 1998). Within Spain, there are few radiocarbon dated fluvial sequences 
from this period. In Central Spain, two radiocarbon dates (2450 ± 60 BP and 2370 ± 80 
BP) have been obtained from the middle section of gravel deposits formed by the 
actively meandering Jarama River (Alonso and Garzón, 1996). In S.E. Spain, at the 
confluence of the Librilla Rambla with the Guadalentín River, an 11 m sequence of high 
energy fluvial deposits is bracketed by radiocarbon dates of 3885 ± 60 BP and 2505 ± 
45 BP (Calmel Avila, 2000 and 2002). There is certainly more evidence of increased 
fluvial activity at this time elsewhere in Europe, however, the presence of a 14C plateau 
during this period makes precise correlation between the fluvial record and the climatic 
event difficult to make (Macklin and Lewin, 2003; Brown, 2003). 
 
The Little Ice Age is widely recognised as being a period of increased flooding in 
Europe (for example, Rumsby and Macklin, 1996; Grove, 2001; Macklin and Lewin, 
2003; Benito et al., 2003b). Despite the single dated palaeoflood unit from the Little Ice 
Age (C1), there is sedimentological evidence from the alcove A slackwater flood 
deposits for a number of flood events with preserved sediments from this period. In the 
upper flood units at the Pont de Vilomara site (A6-A8, Fig. 3) there is a pronounced 
shift in the particle size distribution. This can be seen in Fig. 4, where there are two 
distinct clusters of samples from alcove A, with the units A6-A8 containing an 
increased silt content and, therefore, plotting closer to the silt apex of the ternary 
diagram. Although the particle size distribution at a site of deposition may be dependent 
on the flow characteristics of the flood (Benito et al., 2003c) it may also be dependent 
on the available source material. In this case, we hypothesise that the increased silt 
content is caused by widespread woodland clearance, occurring since the 15th Century 
in the region (Schulte, 2003), that caused increased rates of soil erosion. Interestingly, 
the C1 deposit dated to the Little Ice Age forms a cluster with the A6-A8 samples in the 
ternary diagram (Fig. 4). The increase in soil erosion at this time resulted in alluviation 
elsewhere in Catalonia, for example in the Bisbal catchment where alluviation post-
dated cal. AD 1298-1422 (Schulte, 2003).  
 
The alternative hypothesis for the increase in percentage silt content, related to an 
increase in flow velocity at the site of deposition, is not supported by the 
sedimentological information available. The sedimentary structures are similar 
throughout the alcove A sequence, with parallel lamination the main structure visible 
(Fig. 3). As noted earlier these can be interpreted as aggradation produced by fallout 
with no traction (Benito et al., 2003c) indicating low flow velocities throughout the 
alcove A sequence. It is likely that, at the valley side alcoves, away from the main flow 
thalweg, there were no significant differences in flow conditions between different flood 
events. The use of palaeoflood slackwater deposits as indicators of changing catchment 
stability is a theme that merits further research in the Llobregat basin. 
 
Irrespective of the precise dating or climatic cause of these extreme flood events, the 
slackwater flood deposits and associated palaeodischarge estimates provide tangible 
evidence of flood magnitudes greater than those measured during the modern 
instrumental period. Fig. 7 presents the most comprehensive instrumental flood record 
possible for the last ca. 100 years. The majority of the data comes from the Castellvell 
gauging station, located 3 km upstream of the Monistrol study reach. The palaeoflood 
record from alcoves A and C indicates much larger flood magnitudes than that of the 
1971 flood, considered the largest on record. At Monistrol, the 4700 m3s-1 minimum 
discharge associated with the C1 flood deposits compares to a recorded discharge of 
2300 m3s-1 for the 1971 flood. The palaeoflood evidence, therefore, illustrates that the 
gauging station data is not a representative record of the largest floods that may occur in 
the Llobregat catchment (Fig. 7). The implication is that the hydrological series is 
effectively too short to make informed decisions regarding flood risk and that additional 
palaeoflood data provides valuable evidence of flooding over longer timescales. In fact 
this may be even more so with respect to other Mediterranean basins as the discharge 
series of the Llobregat River, despite at times being a discontinuous record, is probably 
one of the longest in the region. 
 
Conclusions 
 
The palaeoflood record of the Llobregat River is the first to be reconstructed for any 
Spanish Mediterranean river basin. The preserved sedimentary evidence indicates that 
large magnitude floods occurred around the period of the wetter and cooler 2650 BP 
climatic event. Two flood units were dated to 853-776 cal. B.C. and 794-554 cal. B.C. 
at the Pont de Vilomara study reach. The range of estimated minimum discharges 
associated with the Pont de Vilomara deposits is 3700-4300 m3s-1, compared to 2300-
2600 m3s-1 estimated for the highest modern slackwater deposits, those of the 1971 
flood. At the Monistrol study reach, the minimum discharge of the largest palaeoflood, 
was estimated as 4700 m3s-1 for a flood unit dated to cal. A.D. 1516-1642, this value 
being significantly larger than the recorded discharge of 2300 m3s-1 for the 1971 flood. 
The use of palaeoflood hydrology has shown that the instrumental flood record of the 
Llobregat River is insufficient to make fully informed decisions regarding flood risk as 
it is not a representative record of the largest floods within the catchment. Indeed, with a 
continued increase in the development and urbanisation of Mediterranean catchments, 
there is a critical need for improved flood risk assessment based on real flood data 
rather than statistical extrapolations of short flood series. Sedimentological evidence of 
former flood stages is one means of achieving this goal. 
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Caesium-137 Radiocarbon Study reach Alcove 
Caesium 
dating 
No. of flood 
units since mid-
1950s 
Laboratory No. Flood 
Unit 
(Fig. 3) 
Age 
(yrs BP) 
One sigma 
calibrated age 
A No - UZ-4523/ETH-23673 A4 2640 ± 55 853 BC, 776 BC 
   UZ-4524/ETH-23674 A5 2580 ± 75 794 BC, 554 BC 
 
Pont de 
Vilomara 
B Yes 1     
 
C No - UZ-4605/ETH-24418 C1 305 ± 50 AD 1516, AD 1642 
 
D Yes 2 UZ-4738/ETH-25509 D2 modern  
   UZ-4515/ETH-23665 D2-3 modern  
 
E Yes 10 UZ-4520/ETH-23670 E2 modern  
   UZ-4521/ETH-23671 E6 modern  
   UZ-4522/ETH-23672 E11-12 modern  
 
F No - UZ-4517/ETH-23667 F1 185 ± 55 AD 1686, AD 1913 
   UZ-4518/ETH-23668 F5 120 ± 50 AD 1712, AD 1904 
   UZ-4519/ETH-23669 F11 modern  
 
G Yes 3 UZ-4516/ETH-23666 G1 modern  
 
Monistrol de 
Montserrat 
H Yes 3 -    
 
 
Table 1 
  
Mean particle size data (%) Sedimentary structures (no. of flood units) Alcove 
Medium 
sand 
Fine sand V. fine 
sand 
Silt  Clay Climbing 
– in drift 
Climbing 
– in phase 
Parallel 
lamination 
Current 
ripples 
A 3.9 14.7 17.0 42.4 20.8 - - 7 - 
B 10.4 53.9 11.8 12.0 10.3 -  1 1 
C 1.4 6.3 20.3 59.2 12.5   1  
D 18.6 45.1 12.6 12.6 9.4   1  
E 15.8 56.1 13.2 8.5 5.6 5 4 4 3 
F 12.2 32.9 16.6 11.4 7.7 3  3 6 
G 7.0 54.1 23.10 12.9 5.3 3 1  2 
H 11.9 62.1 13.7 6.8 4.9 4  5 2 
 
Table 2 
 
 Alcove Discharge Estimates (m3s-1) 
 Base of alcove Top of flood sediments 
A 3700* 4300* 
B 2300 2600 
C - 4700* 
D 1250 2500 
E 200 440 
F 860 2200 
G 1800 2500 
H 750 1000 
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